Local magnetic impurities arising from atomic vacancies in two-dimensional (2D)
conductivities. An ideal thermoelectric material should exhibit simultaneously large S and .
1 It has been proposed that two-dimensional (2D) materials, with their discretized density of states (strong quantum confinement), may show better performance in thermoelectrics compared to bulk materials. 2 For instance, SnSe has been found to have a figure of merit (ZT) of 2.8±0.5. The remarkably high ZT is due to the anharmonicity of its chemical bonds, giving it an ultralow thermal conductivity at high temperature (700-900K). 3, 4 However the power factor (PF = S 2 ) is still relatively modest (1 mW/m•K 2 ). 3 New transport mechanisms are needed to push the PF of thermoelectric materials beyond the well-known S-anti-correlation limit. 1 For example, the violation of the Mott relation results in enhanced PF in the hydrodynamic charge transport regime in graphene due to strong electron-electron correlations. 5 It is well known that magnetic impurities not only strongly couple with itinerant charge carriers but also significantly affect and even reverse charge transport behavior. [6] [7] [8] The atomic thickness of 2D materials renders it highly sensitive to such extrinsic effects, and therefore they serve as a good platform for exploiting thermoelectric properties by introducing magnetic impurities. Among these materials, MoS 2 has attracted special attention because of its well-defined spin-splitting under light illumination and/or applied magnetic fields. 
Vacancy induced magnetic moments
Inversion symmetry breaking at vacancy or edge sites of MoS 2 has been theoretically predicted to enable local magnetic moments and induces spin splitting of both valence and conduction bands. 16 To probe spin splitting induced by vacancies in The defects are experimentally observed at the center of sulfur lattice sites, exclude other defect types such as interstitials, Mo vacancy or antisite defects (a Mo atom substituting a S 2 column or vice versa). 19 Scanning tunneling spectroscopy (STS), which probes the local density states, was applied to study the effect of such sulfur vacancy defects on the electronic properties. To better resolve the effect of sulfur vacancies, a lower set point (V S = -0.7V, I = 1.3nA) was used to collect the dI/dV spectrum from the vicinity of sulfur vacancy as well as far away from it ( Charging via gating alters the local magnetic moment and state-splitting of the V Sul , therefore, allowing tuning of the scattering of charge carriers, especially at low temperatures.
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Electrical performance due to magnetic vacancies
To investigate the influence of vacancy-induced magnetic impurities, low temperature transport measurements were carried out. a routine metal-to-insulator transition (MIT). 22 At T <100K, the conductance drops anomalously as T decreases, in contrast with the trend exhibited by MoS 2 on Si/SiO 2 devices. This is explained by the strong coupling between magnetic impurities and conduction electrons, and will be discussed later.
To better visualize the correlation between magnetic impurities and conduction electrons in MoS 2 /h-BN, temperature-dependent four-probe conductance (G) were plotted as a function of V g for both MoS 2 /h-BN ( Fig. 3a) and MoS 2 /SiO 2 ( Fig. 3b) devices for comparison. In the high temperature range (T >100K), and close to ~ ℎ ⁄ , the second order electron correlation driven MIT can be observed clearly in both devices. For MoS 2 /SiO 2 device, such behavior exists over the temperature range from 300K to 20K. However, for the MoS 2 /h-BN device, instead of saturating at a residual value as T0, a conductance peak (temperature at this critical point is defined as T max , red dashed line in Fig. 3a ) in the metallic region is observed.
This observed anomalous resistance minimum at low temperature is a signature of the Kondo effect, which is induced by the magnetized sulfur vacancies.
The Kondo effect is suppressed in the MoS 2 /SiO 2 device due to the imperfect interface between MoS 2 and SiO 2 , but clearly detectable for the MoS 2 /h-BN device.
For a Kondo system, the magnetic impurity undergoes a spin-flip process and electrons at the Fermi level can quantum-mechanically tunnel from the magnetic impurity. This spin-flip Kondo scattering, dominates charge transport in this temperature range and gives rise to the anomalous component of the resistance. The signature of Kondo-driven transport could also be seen in the change in four-probe mobility ( ) with temperature ( Fig. 3c , calculation detail in Supplementary Note S6).
For MoS 2 -on-SiO 2 , is mainly limited by optical phonon scattering and its temperature dependence follows a power law of ~ when T> 100K. 23 Once T< 100K, most optical phonons are de-activated and saturation is observed, resulting in ⁄~0 as T0. 23 In contrast, MoS 2 /h-BN device deviates from this trend, the mobility starts to decrease as T <100 K and shows ⁄ > 0 behavior, which confirms the existence of the Kondo scattering at low temperature. Fig. 3d shows the four-probe resistance plots of MoS 2 /h-BN device at three different back-gates. For each curve, a clear resistance minimum can be observed at 70K, 89K and 135K, respectively. For a better understanding of these data, apart from 2D Block-Gruneisen resistance (∝ ) 24, 25 and electron-phonon high temperature resistance (∝ ), the Kondo resistance ( , full expression in Supplementary Note S11 ) also need to be taken into account:
where is the temperature independent term arising from a residual zero temperature resistance. The well-fitted curves in Fig. 3d region, therefore, T K starts to increase with lower doping; similar to the behavior observed in heavily-doped fermion bulk systems such as CePd 3 . 29 We also scale the R(T) curves at each V g and observe a universal Kondo behavior, 6, 30 in which the normalized Kondo resistance R k /R k 0 vs T/T k at all gate voltages collapses on to a single universal Kondo behavior curve (Fig. 3h) . This is in accordance with Numerical Renormalization Group theory, 31 which attests to the Kondo-driven transport mechanism of MoS 2 /h-BN devices.
Thermoelectric performance driven by Kondo effect
To investigate the influence of magnetic impurities on the thermoelectric performance, a DC current is introduced via a nano-fabricated heater to create a temperature gradient along the devices (Fig. 2a) . Here, , and indicates the relaxation time, density of states and group velocity, respectively. and are the contribution arising from the energy dependent scattering and diffusion. The sign of only depends on the charge carrier type, thus n-type materials exhibit a negative . For 2D system dominated by acoustic phonon scattering,  is energy independent. 36 Hence, the S of our MoS 2 /SiO 2 is dominated by negative . In accordance to Equation (2), an overall positive S results when > 0 (only when < 0) for n-type materials. From the Seebeck coefficient and mobility at V g =70V (Fig. 4c) , it is found that the mobility gives a peak value right at zero S.
In the Kondo physics framework, scattering is highly energy-dependent and the mobility is known to be proportional to 1 ⁄ , 37 which is opposite to the conventional one-band system where ∝ . Approximating 1/ ∂E as 1/(k ∂ ) 38 in , ∝ − could be derived to describe the relationship between Seebeck coefficient and mobility. From Fig. 4c , we can see that the measured S is positive at the region with < 0, in good agreement with Kondo physics model. Fig. 4d illustrates the Kondo-driven thermoelectric transport more vividly. In a conventional 2D system (MoS 2 /SiO 2 , here), the electrons diffuse from the hot side to the cold side driven by the temperature gradient. In the case of MoS 2 /h-BN device however, the interaction between electrons at Fermi energy and magnetic impurities strongly influences the non-equilibrium energy spectrum and as-generated Kondo resonance (a spin excitation state located at the Fermi level), this causes more conduction electrons to be scattered back and accumulate at the hot side, thus reversing the sign of Seebeck coefficient.
To determine the Kondo-scattered Seebeck coefficient ( ), the two band approach that originates from the Hirst model is adopted. Note S12). 32, 40 Consequently, the overall Seebeck coefficient ( = + ) can be determined. Fig. 5a shows the measured Seebeck coefficient as a function of temperature of MoS 2 /h-BN device at carrier concentration of n= 2×10 12 cm -2 , which is well captured by this Kondo scattering model (more cases in Supplementary Fig.   S14 ). For higher gate voltages, the Fermi level of MoS 2 /h-BN sample is pushed further from the impurity state, this causes Kondo scattering to be present only at a lower temperature (Fig. 4b) . Due to the strong interaction of electrons with magnetic impurities through the Kondo effect, the larger S values in the on-state of MoS 2 leads
to an unusually strong enhancement in the thermoelectric PF (S 2 ). Fig. 5b shows the PF as a function of temperature for the on-state gate voltages. A high PF value of 50 mW/m•K 2 , originating from Kondo-enhanced S, can be achieved, thus setting a new record for the thermoelectric power factor (Fig. 5c ) 32, 33, [41] [42] [43] [44] [45] [46] .
In summary, we discover that magnetic impurities due to sulfur vacancies exert strong influence on the thermoelectric properties of few-layer MoS 2 when h-BN is used as the substrate, whereas these effects are suppressed on substrate such as SiO 2 .
The electric and thermoelectric transport in few-layer MoS 2 on h-BN exhibits a clear magnetically induced Kondo behavior, leading to a large anomalous positive Seebeck coefficient of 2 mV/K in n-type MoS 2 in the on-state. Importantly, our work shows that magnetic impurities-induced Kondo effect can be electrostatically tuned to manipulate the Seebeck coefficient and PF. The ability to exhibit both negative Seebeck (diffusive) and positive Seebeck (Kondo) coefficients in n-type MoS 2
suggest that a single doped material can be used to fabricate thermoelectric circuit devices, thus bypassing the need for complex p-n heterostructure device circuit. This work also points to the possibility of dopant engineering to make Kondo lattices 47 for nano-circuits in thermoelectric devices. In MoS 2 /SiO 2 sample, the conduction electrons will diffuse from the hot side to the cold side and the electron concentration is also modified by the variation in chemical potential due to the temperature gradient. For MoS 2 /h-BN sample, due to the strong Kondo resonance, more conduction electrons are scattered back and accumulate at the hot side, thus producing a positive S in n-type MoS 2 .
Figure 5  Thermolectric performance of MoS 2 /h-BN heterostructure. a, Total S values at n= 2×10 12 cm -2 are contributions from the energy dependent diffusive part, and the Kondo scattering part, . At a fixed n, the total S first exhibits a diffusive negative value at high temperatures from conducting electrons described by . The part is negligible because the local magnetic moment is free while the system maximizes the entropy and weakens the scattering of the conduction electrons 48 . As the temperature decreases, the conventional diffusive contribution is weakened and the Kondo scattering term starts to dominate and shows large positive values. As temperature is decreased further, the impurities condensed into a singlet state and all the physical interactions start to freeze and the total S goes back to zero as expected. b, Power factor as a function of temperature at different gate voltages. Additional Kondo induced peaks as high as 50 mW/mK 2 can be observed. 
